Abstract: A novel mode converter with broad bandwidth, high mode conversion efficiency, and large fabrication tolerance is proposed and fabricated on a silicon-on-insulator (SOI) platform. By using a modified 3 Â 3 multimode interference coupler and an enlarged butterfly-shaped phase shifter, mode conversion from the fundamental mode ðTE 0 Þ to second-order mode ðTE 2 Þ is achieved numerically and experimentally. Performance analysis of the mode converter is carried out numerically, and the results show high performance of the mode converter with mode conversion efficiency larger than 91% (i.e., insertion loss less than 0.40 dB) in the whole C-band. In addition, the mode converter has large fabrication tolerance. For example, the width and the length deviations of the multimode interference coupler can be as large as 50 and 250 nm, respectively, whereas the width and the length deviations of the phase shifter can be up to 25 and 400 nm, respectively.
Introduction
Due to the strong desire of ultra-large capacity in transmission systems, several techniques have been proposed to improve the transmission capacity, such as wavelength division multiplexing (WDM), polarization division multiplexing (PDM), multilevel modulation format and the combination of them [1] , [2] . However, the available capacity of the WDM system is limited by the bandwidth of the fiber amplifier and the launch power related to fiber nonlinearity [3] , [4] . As space mode is an additional degree of freedom to increase the number of data channels, mode division multiplexing (MDM) is widely considered as a promising way to solve the problem of Shannon limit [1] , [5] - [10] . Different from applications of WDM in relatively long-distance transmission, MDM is more suitable for transmission with short distance, ultra large capacity, like intrachip communication [2] . Recent intrachip communication is based on copper interconnects which are quickly approaching their information capacity limit due to electronic parasitics and unfavorable power scaling; therefore, silicon photonics interconnects based on MDM have been proposed as an enabling platform to alleviate the on-chip communication bottleneck due to its high flexibility, low insertion loss and more importantly, its applications in photonic networks-onchip. Mode converters with broad bandwidth, low insertion loss, and high mode conversion efficiency are key devices for realizing on-chip MDM. So far, several mode converters based on SOI have been proposed by using adiabatic coupler, Y-splitter [11] and Multimode Interference (MMI) [12] - [14] , etc. However, both adiabatic coupler and Y-splitter methods suffer from relatively low fabrication tolerance. On the other hand, mode converter based on MMI is more promising due to its broad bandwidth and large fabrication tolerance.
Therefore, we proposed a novel mode converter, the preliminary simulation results of which have been reported in [15] ; by using a modified 3 Â 3 MMI and an enlarged butterfly-shaped phase shifter (PS), the mode converter can convert TE 0 to TE 2 . In this paper, we further analyzed the performance of the mode converter and fabricated the device on a SOI platform. Mode conversion from TE 0 to TE 2 is realized numerically and experimentally. Simulation results also show that the device has advantages of low insertion loss and high mode conversion efficiency in whole C-band, as well as large fabrication tolerance. Fig. 1(b) shows the schematic diagram of our proposed mode converter, which is composed of a modified 3 Â 3 MMI (named as 66% mode converter MMI in this paper), an enlarged butterfly-shaped phase shifter (PS), multimode input/output waveguides, and an S-band. Among them, the 66% mode converter MMI coupler is actually a 3 Â 3 MMI with outputs modified into two, one of which is for 33% fundamental mode output, another is for first-order mode output. Therefore, the length of the 66% mode converter MMI is the same as that of a conventional
Principle
, where L c is the coupling length based on selfimaging property [16] . For a conventional 3 Â 3 MMI as shown in Fig. 1(a) , when a fundamental mode ðTE 0 Þ with optical power of P in TE 0 is injected into input1, TE 0 modes with equal powers (33% of P in TE 0 ) are obtained at its three output ports; however, the phases of the three outputs are different, as
, where ' 0 is a constant phase. Note that the phase difference between output2 and output3 (' 12 and ' 13 ) is , therefore combining output2 and output3 by a wide waveguide (labeled as port3 in Fig. 1(b) ) can generate TE 1 mode with output power of 66% of P in TE 0 . Similarly, TE 2 mode can be generated by combing TE 0 and TE 1 modes with a waveguide as long as the phase difference between TE 0 and TE 1 modes is . Therefore, we used an enlarged butterfly-shaped phase shifter (PS) to make sure that the phase difference between TE 0 and TE 1 mode at port4 and port5 respectively is , and used a wide waveguide (port6) to combine them to generate TE 2 mode. At last, in order to standardize the size of the mode profile, a 500 m-long taper is used to narrow the width of the wide waveguide from 6.2 m to 2 m. In addition, the gap between the S-bend (port5) and the output port4 is 200 nm. 
Results and Discussions

Simulation Results
Based on the above principle, we used Beam propagation method (BPM) method to design our device, and optimized the parameters of the mode converter at 1550 nm. The values of the parameters as well as their description are shown in Table 1 . The total length of the device is 1288.5 m, including the 500 m-long taper and the 300 m-long S-bend. Fig. 2(a) shows the field distribution of the device with injection of a fundamental mode at wavelength of 1550 nm. In detail, the mode profile of TE 0 at port2 and TE 1 at port3 of the 66% mode converter MMI is shown in Fig. 2(b) . Fig. 2(c) and (d) shows the mode profile of TE 2 at the start and the end of the taper, respectively. We can see from Fig. 2 that TE 0 is successfully converted into TE 2 . In simulation, we set the input power of the fundamental mode at port1 as 1, the powers (corresponding to the mode conversion efficiency) of TE 0 at port2 and at port3 TE 1 are 0.326 and 0.651 respectively. Thus, the total power of TE 0 and TE 1 is 0.977. The output power of the generated TE 2 is 0.931, while the total power at port7 is 0.939, the power difference of 0.008 is caused by additional generation of other unwanted modes, like TE 1 , TE 4 and TE 5 , however the powers of the unwanted modes are so small that they can be neglected. For example, the powers are 0.0014, 0.003, 0.0014 and 0.0011 for TE 1 , TE 3 , TE 4 and TE 5 , respectively, which means mode crosstalk of −28.23 dB for TE 1 , −26.11 dB for TE 3 , −28.23 dB for TE 4 and −29.32 dB for TE 5 respectively. In conclusion, we have obtained mode conversation from TE 0 to TE 2 with high conversion efficiency of 93.1% at 1550 nm while the mode crosstalk is kept below −26 dB.
If a TE 2 mode is injected into port7, it can be converted into TE 0 by the device. Fig. 3 shows the field distribution inside the device which convert TE 2 mode into TE 0 mode at port 1 with 93.9% mode conversion efficiency. 
Device and Measurement Results
Based on the numerical analysis presented in previous section, the mode converter was designed and fabricated on a commercial silicon-on-insulator (SOI) wafer with 220 nm top silicon layer and 2 um buried oxide (BOX) layer by use of CMOS-compatible technology with parameters listed in Table 1 . First, a 70-nm silicon dioxide (SiO2) as hard mask was deposited in plasma-enhanced chemical vapor deposition (PECVD) system oxide layer. Second, waveguide structures were defined by deep UV photolithography and transferred onto the hard mask layer by using reactive ion etching (RIE) and stops at silicon surface. After that, another RIE dry etching process was performed to form silicon waveguide structures. Finally, the whole structure was covered by a 1.5 um PECVD SiO2 cladding layer. As a result, the electron micrograph (EM) of the device is shown in Fig. 4(c) , and the scanning electron microscope (SEM) images of the device are shown in Fig. 4(a) and (b) as the input and output of the 66% mode converter MMI coupler. A lensed fiber was used to couple a TE-polarized light with wavelength of 1550 nm into port1 of the device, the output of the device was measured by a Charge-coupled Device (CCD). From the CCD, we can see mode profile of TE 0 and TE 1 of the 66% mode converter at port2 and port3 respectively, as shown in Fig. 4(d) , where we can see one clear light spot (representing fundamental mode TE 0 ) away from two light spots (representing first-order mode TE 1 ). Fig. 4(e) shows the mode profile of TE 2 with three clear light spots, indicating that mode conversion from TE 0 to TE 2 is successfully realized on SOI. Unfortunately, due to the limited experimental conditions, further measurements like insertion loss and mode crosstalk are not available.
Performance Analysis
Wavelength Dependence
Firstly, we investigated the wavelength dependence of the device by changing the operation wavelength from 1530 nm to 1565 nm and keeping the size of the device fixed. The input power was kept at 1. The output power of TE 2 (i.e. mode conversion efficiency) as a function of the wavelength is shown in Fig. 5 . The mode conversion efficiency varies from 0.911 to 0.931, which means that the small insertion loss fluctuation of less than 0.405 dB is achieved. 
Fabrication Tolerance
Second, we investigated the fabrication tolerance of the device. Since MMI and PS are key elements of the mode converter, we only investigated the fabrication tolerance of MMI and PS by changing the dimensions of MMI and PS while observing the output power of the TE 2 Fig. 6(a) shows the output power of TE 2 as a function of W mmi (dark dashed line), we can see that there is only a small power fluctuation from 0.904 to 0.931 when W mmi changes within a range of 100 nm. Similarly, Fig. 6(b) shows the dependence of the power of TE 2 on the value of L mmi , the results of which show that a small power fluctuation from 0.909 to 0.931 is achieved when L mmi changes AE5 m away from the optimized value. If we compare Fig. 6(a) with Fig. 6(c) , we can see that the device is more sensitive to W mmi , this is because that the coupling length of the MMI ðL mmi Þ is decided by W mmi by an order of 2. In order to study the reason of the power decreasing of TE 2 , Fig. 6 also show the sum of the power of TE 0 and TE 1 at port2 as a function of W mmi and L mmi , respectively. We can see that when W mmi and L mmi move away from their optimal values, the output power of the fundamental mode at port2 and the first-order mode at port3 decreases at the same amount as the output power of TE 2 does, which means that the decreasing of the power of TE 2 is caused by the decreasing of the power of TE 0 and TE 1 at port2 due to the deviations of W mmi and L mmi . Fig. 7 (a) and (b) shows the dependence of output power of TE 2 on ÁW (the half of the width difference of the PS). The above x axis in each figure is the phase deviation from the optimal phase shift (i.e. 2=3). In Fig. 7(a) , when ÁW changes from 50 nm to 400 nm, the output power changes significantly from 0.452 to 0.931. The details of the power change of TE 2 when ÁW changes within 50 nm is shown in Fig. 7(b) where the power of TE 2 varies from 0.890 to 0.931, and the phase deviation varies from À0:686 to 0:410 accordingly. Likewise, in Fig. 7(c) , as L ps changes from 132 m to 180 m, the power only changes from 0.825 to 0.931 while the phase deviation is from À0:164 to 0:164, Fig. 7(d) shows that when ÁW changes within 8 m, the variation of the output power of TE 2 is negligible. Therefore, we know that the device is very sensitive to the width of the PS, and very robust to the length of the PS.
Conclusion
In summary, a design for a high-performance mode converter based on MMI and PS has been proposed and experimentally demonstrated. Measurement results demonstrate mode conversion from TE 0 to TE 2 , agree well with the theoretical prediction. The performance analysis is carried out numerically, the results of which show that the device can work in whole C-band with insertion loss lower than 0.40 dB (can be as low as 0.31 dB at 1550 nm) and mode conversion efficiency of 91%. The devices also have excellent fabrication tolerance, the width and the length deviations of the MMI can be as large as 50 nm and 250 nm, respectively, while the width and the length deviations of the PS can be as large as to 25 nm and 400 nm respectively, which are much larger than that of the existing fabrication process can reach. The large optical bandwidth, low insertion loss and high fabrication tolerance make the proposed second-order mode converter a promising candidate in the MDM system.
